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Neutron scattering experiments have been carried out to explore Ni-impurity effects on static 
spin correlations in La2-a;Sra;Cu04 (LSCO) in the vicinity of the superconductor-insulator 
boundary where both parallel and diagonal spin-density modulations (SDM) coexist at low 
temperature. Upon dilute Ni substitution the incommensurability decreases for both types of 
SDM, while the volume fraction of the diagonal (parallel) SDM increases (decreases). Subse- 
quent Ni doping induces a bulk three-dimensional antiferromagnetic (AF) order when s ~ Ni 
concentration. Tn of such the AF order depends on x and seems to disappear at s ~ 0.1. These 
effects are approximately ascribed by a reduction of mobile holes, and by a transition from the 
parallel to the diagonal SDM induced by Ni. 

KEYWORDS: La2-a;Sra;Cu04, neutron scattering, spin density modulation, substitution effect, Ni, incom- 
mensurate spin correlations 
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1. Introduction 

Doped high-Tc cuprates, one of the most fruitful ex- 
amples of doped Mott insulators, provide us rich in- 
formation on the interplay between the doped carri- 
ers and the spin correlations commonly underlying on 
the Cu-0 square lattices. Through a series of system- 
atic studies, we have discovered clear relationships be- 
tween the doping dependence of spin correlation and the 
onset of the high-Tc superconductivity in both under- 
doped^ and overdoped superconducting phases.^ In the 
superconducting (SC) phase, the so-called parallel spin- 
density modulations (P-SDM) commonly exist in hole- 
doped LSCO. Therefore, the discovery of the so-called 
diagonal spin-density modulations (D-SDM) in the insu- 
lating spin-glass (SG) phase by Wakimoto et al.^ strongly 
suggested a transition of spin correlation between the D- 
SDM and P-SDM at the underdoped SG-SC boundary. 
In fact, the detailed study in the vicinity of the bound- 
ary between SG and SC phases confirmed a D-SDM to 
P-SDM transition at the boundary.''"^ 

To clarify the origin of the D-SDM we studied the im- 
purity effect in the SG phase. ^ The results show that 
Ni doping quickly destroys the incommensurability and 
restores the Neel ordering, indicating a strong effect on 
hole localization. This suggests that Ni is doped as Ni'^^ 
or as Ni^+ with a hole forming a strongly bound state. 
Therefore, Ni doping reduces the number of mobile or 
hopping Zhang-Rice (ZR) singlet states around Cu spins 
by creating localized hole sites near the doped Ni. Then 
the concentration of the mobile ZR singlet {xcs) can be 
described by the difference between the number of holes 
and doped Ni ions. In fact, the x^s dependences of the 
incommensurability and the onset temperature of the D- 
SDM for the Ni doped samples can be plot on the same 
phase diagram without impurities. This means that the 



incommensurability in this system is controlled by the 
number of mobile ZR singlets or mobile holes. 

The similar localization effect around Ni impurities 
is also observable in lightly doped antiferromagnetic 
(AF) phase. Watanabe et al. measured electrical resis- 
tivity and magnetic susceptibility for dilute hole-doped 
La2-,;Sr^Cui_yNiy04 (LSCNO) with x = 0.01.^ A huge 
increase of resistivity together with a drastic increase of 
Neel temperature (Tn) was found when doped by a small 
amount of Ni. Such the AF order was directly recon- 
firmed by neutron diffraction using single crystals.^ In 
addition, the spin structure was found to switch from 
La2Cu04-type to La2Ni04-type at y = 0.05, suggesting 
a change from [S = 1/2) to [S = 1). Machi 

et al. found that such the Ni-enhanced AF order appears 
for the SG and the underdoped SC phases too from poly- 
crystalline susceptibility. 

We further explore the Ni-impurity effects in the SC 
phase to study whether the strong hole-localization ef- 
fect by Ni commonly exists in the entire SC phase. In the 
present neutron scattering experiments we present the re- 
sults of Ni-impurity effects on the static spin correlations 
in the SC La2-a:Sr2:Cu04 (LSCO) in the vicinity of the 
SG-SC boundary. Similar to the result in the SG phase 
we observed a drastic impurity effect in the SC phase. 
Upon dilute Ni substitution by 3%, both P-SDM and 
D-SDM considerably shrink in incommensurability ((5), 
associated with degradation of bulk superconductivity. 
Subsequent Ni doping induces a bulk three-dimensional 
AF order with the same spin structure without holes. 
Based on the hypothesis of the reduction of the effective 
hole concentration by Ni impurity we propose that the 
previously studied impurity effects can be simply inter- 
preted. 
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Fig. 1. Susceptibility data of LSCNO showing Ni-induced spin- 
glass transitions at Tgg ~ 5 K. 



2. Experimental 

Single crystals of LSCNO of ix,y) 
(0.06,0.03), (0.06,0.06), (0.07,0.03) and (0.07,0.05) 
were grown by traveling-solvent-floating-zone tech- 
niques. The crystals have cylindrical shapes of 4 ~ 5 mm 
diameter and ^ 20 mm length. After our standard heat 
treatments under oxygen flowing gas, those crystals 
were characterized chemically by ICP measurements and 
physically using a SQUID magnetometer. In the course 
of the susceptibility measurements, the volume fraction 
of bulk susceptibility is found to be strongly suppressed 
(< 0.01 %) by Ni, judging from the diamagnctic signals. 
Instead, a spin-glass transition occurs for three crystals 
(0.06, 0.03), (0.07, 0.03) and (0.07,0.05) as shown in 
Fig. 1, but not for the composition of (0.06, 0.06). 

Neutron scattering experiments were carried out on 
cold-neutron triple-axis spectrometers LTAS and HER 
installed in the guide hall of JRR-3 at the Japan Atomic 
Energy Agency (JAEA), and on SPINS in the research 
reactor of the National Institute for Standard and Tech- 
nology in U.S.A. Pyrolytic-graphitc (0, 0, 2) reflection 
was used in both the monochromator and analyzer. Con- 
taminations of higher-order neutrons were sufficiently 
suppressed by inserting a Be filter into the neutron beam 
path. Multiple Bragg refiections were removed by tuning 
incident energies over the range of 4.5 ^ 5 meV. Using 
pseudo-tetragonal lattice parameters of a* ~ 1.66 A^^(w 
-\/2a*rt ~ V^/^ort) and c* ~ 0.48 A~\ the scattering 
process was observed in {h, k, 0) and (h, h, I) scattering 
planes. The horizontal-beam coUimation was typically 
set up to be guide(~ 20')-80'-Sample-80'-open(~ 180'). 
Some parts of sample-quality check determining twin 
structures were made on AKANE, a thermal- neutron 
triple-axis spectrometer of Tohoku University installed 
at JAEA. 

All samples studied here consist of twinned crystals, 
which are naturally caused by the orthorhombic crys- 
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Fig. 2. Magnetic elastic scattering of Lai.94Sro.06Cui-yNij;04 
around (1/2, 1/2,0) measured (a,b) along the diagonal direction 
in (h, k, 0) plane and (c,d) along the I direction in {h, h, I) plane, 
for (a,c) y = 0.03 and (b,d) y = 0.06. The solid line in (a) is a 
resolution-convoluted fit to a simple two-peaJc cross section along 
the D-scan, while a single Gaussian curved form is assumed in (b) 
and (d) for the solid lines. For reference, a resolution-convoluted 
calculation for y = without P-SDM is shown by a broken line in 
(a) using D-SDM parameters of rcf.'' with an arbitrary intensity 
scale. Q resolutions are shown by short bars. 



tal distortion. The domain distribution was checked 
by neutron diffraction itself before full measurements 
of magnetic cross section. Toward the later section of 
simulation, we remark here that the single crystals of 
(x, y) = (0.06, 0.03) and (0.07, 0.03) consist of two types 
of twinning (or four domains) and one type of twin- 
ning (or two domains), respectively. In these two sam- 
ples, the domain population is found to be nearly equal 
because of the comparable peak intensity from each do- 
main. The orthorhombic lattice parameters are a*^^. ~ 
1.18 and 6*^ ~ 1.17 in notation of the low- 
temperature orthorhombic phase (Bmab), and the or- 
thorhombic distortion does not change by current lightly 
Ni doping [{b/a) ~ 1.01]. For simplicity and convenience, 
we hereafter use a high-temperature tetragonal notation 
{lA/mmm) mainly. 

3. Results 

Figures 2(a) and 2(b) show Q spectra around 
(1/2,1/2,0) along the diagonal-scan (D-scan) direc- 
tion [the inset of Fig. 2(b)] for 3%- and 6%-Ni 
doped Lai.94Sro.o6Cu04, respectively. For reference, a 
resolution-convoluted spectrum of LSCO with x = 0.06 is 
shown by a broken line in Fig. 2(a), by using parameters 
of incommensurate peaks of D-SDM. ^ The well-defined 
two-peak structure drastically breaks down upon only 
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Fig. 3. (a) Thermal evolution of magnetic scattering peak at 
(1/2, 1/2,0) for LSCNO of {x,y) = (0.06,0.03) and (0.06,0.06). 
Background levels arc shown by broken lines, (b) Degradation 
of Tn for Ni-induced Nccl ordered state in case of x = y, or 
a;eff(= ^ ~ y) = 0. Open and closed symbols stand for data 
from neutron scattering''' ^ and magnetic susceptibility measure- 
ments,*' respectively. 



3%-Ni doping, and a broad comnicnsuratc-likc peak ap- 
pears at low temperature [Fig. 2(a)]. Further Ni doping 
up to 6% induces a commensurate sharp peak, which is 
resolution-limited and much stronger than that of 3%- 
Ni doped compound [Fig. 2(b)]. Another difference of 
magnetic scattering between the two levels of Ni doping 
appears in / scans [Figs. 2(c) and 2(d)]. The weak / de- 
pendence of the net intensity between T = 7 K and 30 K 
for y = 0.03 means a weak interlayer coupling of spins. 
On the other hand, the sharp resolution-limited peak for 
y = 0.06 corresponds to a bulk AF order in the ground 
state of La1.94Sro.06Cuo.94Nio.06O4. 

Figure 3(a) displays temperature dependences of such 
the Ni-induced AF order and the magnetic diffuse 
scattering in Lai.94Sro.o6Cui_j/Niy04. Tn(— 150 K) of 
y = 0.06 well follows the x dependence of Tn for 
La2-xSra:Cui_a;Nia;04^"^'' in Fig. 3(b). A linear extrap- 
olation indicates that a bulk AF order can persist up 
to X ^ 0.1. As a preliminary step determining the AF 
spin structure, we measured three magnetic Bragg re- 
flections (1, 0, 0)ort, (0, 1, l)ort and (0, 1, 3)ort of y = 0.06 
(not shown). The result shows that the Ni-induced AF 
spin structure is consistent to that of La2Cu04^^ with a 
staggered magnetic moment of 0.2 ^ 0.3/iB/(Cu site) at 
base temperature. That is, the AF propagation vector is 
parallel to [100]ort, while the spins direct [010]ort- 

In the SC phase of LSCO, particularly near the insu- 
lator boundary, both D-SDM and P-SDM coexist at low 
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Fig. 4. Comparison of Q spectra between the diagonal and par- 
allel scans in La2-a;Sr2:Cuo.97Nio.o304 for (a) x = 0.06 on LTAS 
and (b) x = 0.07 on SPINS. The solid lines are fits to a two-peak 
structure along the D-scan. For reference, resolution-convoluted 
calculations for y = are shown by broken lines with arbitrary 
intensity scales, which are using parameters of (a) D-SDM of 
X = 0.06'3 and (b) P-SDM of a; = 0.07,1^ respectively To see 
easily, an offset by ICQ counts/min is added for the broken line 
in (b). The Q resolution is shown by short bar. 



temperature.^ In order to clarify Ni-impurity effects on 
each type of SDM, two types of Q scan are carried out in 
the (/i, fc, 0) scattering plane. Figure 4 compares Q spec- 
tra of the D-scan and P-scan for La2_a;Sra;Cuo.97Nio.o304 
with X = 0.06 and 0.07. For x = 0.06, the P-scan profile is 
asymmetric about q — Q, possibly due to the domain dis- 
tribution coupled with a small incommensurability. By 
contrast, no clear difference is observable between the 
D-scan and P-scan for x = 0.07. Besides, the flat-top- 
like cross section suggests a signature of IC correlations 
remaining. 

4. Simulation 

In order to clarify Ni-impurity effects on each type 
of SDM separately, we focus our discussion on the Q 
spectra of La2-a:Srj,Cuo.97Nio.o304 in Fig. 4. Resolution- 
convoluted simulations have been carried out by tak- 
ing into the experimentally determined orthorhombic- 
domain distribution. As schematically shown in Fig. 5 
and written in the following cross section, we calculate 
Q spectra around (0.5, 0.5, 0) under the existence of both 
D-SDM and P-SDM with the incommensurability 5d and 
5p, and the peak width and Kj,, respectively : 



.(Q) ~ E 



VWO X {Id + Ip) + Vow X ( Y + -^p) 



(1) 
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Fig. 5. IC-pcak configuration of D-SDM (triangle) and P-SDM 
(circle), and scan trajectories together with instrumental reso- 
lution. IC peaks sprouted only from one (1,0, O)ort domain are 
shown for easy looking. Parameters used in simulation analy- 
sis for X = 0.06 in Figs. 6(a)-6(c) axe illustrated in real scale. 
Closed [open] squares and diamonds represent the orthorhombic 
(1, 0, O)ort [(0, 1, O)ort] position in a four-domain structure caused 
by two types of twinning. 



2 peaks 

Id = Ad ^ exp 

4 peaks 



-ln(2)(|Q-Qrf|/Krf)' 



= ApY^ exp -ln(2) ( | Q - Qp | /wp) 



(3) 



where vioo [voio] is the volume fraction of orthorhombic 
(1,0,0) [ (0,1,0) ] domain in a twin. (Ap) and 
(Qp) represent the IC peak intensity and the peak po- 
sition of D-SDM (P-SDM), respectively. The summation 
with respect to (Qp) in Id (/p) is carried out over two 
(four) IC peaks, since the D-SDM propagates only along 
the [OlOjort direction.'' Basically, /gim consists of two com- 
ponents. One is a contribution from (l,0,0)ort domain, 
and the other from (0, 1, 0)ort domain. For x = 0.06, be- 
cause of two types of twin formation in the sample, we 
repeat this addition for another twin also. As for the 
prefactor (1/2) of Id in (0, l,0)ort domain of eq. (1), 
we referred the experimental result for SG LSCO with 
X = 0.05.^ 

Because of the many degrees of freedom in the above 
model cross section, a proper initial set of SDM param- 
eters is much required to converge our simulation study. 
To get such the parameters, first step, a simple 

analysis was preparatively done by assuming a two-peak 
structure along the D-scan direction without P-SDM. A 
fair agreement is shown in Fig. 4 by curved lines, and the 
resultant dd and Kd arc listed in Table I. Note that the 
incommensurability definitely decreases with Ni whereas 
the peak width does not change so much in this prelimi- 
nary analysis. 

To simplify the simulation, we fix the peak width to 
Kd = 0.03 for both x = 0.06 and 0.07, based on 
Table I and on the data near the SG-SC boundary in 
LSCO.^ Besides, we assume Kd = Kp according to the 
result of a; = 0.06 without Ni.^ Hence, /sim was cal- 




Fig. 6. Two sets of simulation for D-scan and P-scan in 
La1.94Sro.06Cuo.97Nio.03O4; (a)-(c) Sd < Sp and (d)-(f) Sd = Sp. 
Ad : Ap are set to 10 : 0, 9 : 1 and 8 : 2 for (a,d), (b,e) and (c,f), 
^2) respectively. 



culated for several sets of 6d,Sp,Ad and Ap. The total 
magnetic intensity of each SDM will be closely related to 
its magnetic-domain volume. Thus, we hereafter evaluate 
the volume-fraction ratio between D-SDM and P-SDM 
using Vd Vp = 3Ad : 8Ap from eqs. (l)-(3). With an 
assumption that the spin structure does not change by 
3%-Ni substitution, we can inspect the magnetic-domain 
volume before and after Ni doping. The current results 
of simulation provide us interesting Ni effect on the spin 
correlation of this system though it is difficult to pre- 
cisely determine such the parameters due to the broad 
feature of the Q spectra. 

Figure 6 shows typical examples of simulation for x = 
0.06. In order to reproduce the observed asymmetry in 
the P-scan [Fig. 4(a)], (1) Sd should be quite different 
from Sp {Sd = 0.02 r.l.u. < Sp = 0.04 r.l.u.) and (2) 
: ~ 9 : 1, as shown in Fig. 6(b). This intensity 
ratio corresponds to • ^ ^ 3 : 1. These parameters 
are substantially different from results of Ni-free sample 
with X = 0.06; Sd Sp :^ 0.05 r.l.u. and Fa : Fp ~ 2 : 1.^ 

For X = 0.07 the calculated Q spectra are less sensi- 



Table I. Referenced data for coming simulation study, estimated 
through a simple two-peak fit. For reference, data without Ni 
axe also shown. Note that only the data of a; = 0.07 come from 
P-SDM. 



X 


y 


Sd (r.l.u.) 


«d (A-^) 


Kd (r.l.u.) 




0.06 


0.03 


0.017(3) 


0.030(4) 


0.018(2) 


present 


0.07 


0.03 


0.029(1) 


0.037(4) 


0.022(2) 


present 


0.06 





0.053(2) 


0.039(4) 


0.023(2) 


ref.'' 


[0.07 





~ 0.069 


~ 0.037 


~ 0.022 


ref.l^l 
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Fig. 7. Two sets of simulation for D-scan and P-scan in 
La1.93Sro.07Cuo.97Nio.03O4; (a)-(c) 5d < 5p and (d)-(f) 5^ = Sp. 
Ad : Ap are set to 10 : 0, 8 : 2 and 6 : 4 for (a,d), (b,c) and (c,f), 
respectively. FWHM of the flat-top cross section in the D-sacn 
is shown for (b) and (f). 



tive to the parameters compared to the case of a; = 0.06. 
Nonetheless some detailed Ni effect was obtained to ex- 
plain the specific features seen in Fig. 4(b); namely, the 
coincidence of two types of scans and the flat-top-like 
profiles. In this sense, Figs. 7(b) and 7(f) are good can- 
diates to reproduce the experimental data of Fig. 4(b). 
Further, due to the observed FWHM (~ 0.18 A'^) of the 
flat-top cross section along the D-scan, Fig. 7(b) looks 
better than Fig. 7(f). Therefore, (1) is slightly smaller 
than dp (Sd = 0.03 r.l.u. < Sp = 0.04 r.l.u.) and (2) 
: ^ 8 : 2. As a conclusion. 5p is much smaller than 
that of Ni-free sample with x = 0.07 {6p ~ 0.07 r.l.u. i^), 
and the Va ratio (V^ : 1^ ^ 1.5 : 1) is quite large, com- 
pared to the Ni-free case (V^ : 1^ ~ 0.7 : 1).^^ 

5. Discussion 

We studied Ni-impurity effect on spin correlation in 
the SC phase near the SG-SC boundary. Similar to the 
previous results in the AF ordered phase^ and SG phase,'' 
Ni substitution drastically changes the spin correlation. 
All these facts observed in the wide hole-doping range 
are commonly explained with an intuitive scenario that 
Ni and hole couples strongly on the Cu02 planes, thus 
reducing the number of mobile holes. Indeed, Fig. 7 sup- 
ports this hypothesis. Surprisingly, the 6d as well as the 
Tela in Ni-doped LSCO well follow the data in Ni-free 
LSCO,^"^ when the effective hole concentration is sup- 
posed to be Xeff = X — y. 

In the present case, since the P-SDM and the D-SDM 
coexist at low temperature, we can further discuss sepa- 
rately the effect of Ni impurity on each SDM phase. The 
results of analysis taking into the domain distribution 
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Fig. 8. Plots of (a) incommensurability 5d and (b) onset temper- 
ature Tela of D-SDM peaks against x^ff(= x — y) in LSCNO. 
Filled circles and squares represent data from the SC phase and 
the SG phase, ^ respectively. The data of Ni-frcc LSCO'^"'' are 
shown by open circles. Tgg determined by susceptibility is also 
plotted in (b). 



provide us interesting information on the spin correla- 
tion near the boundary between the SG and SC phases. 
The previous study without Ni impurities demonstrates 
a sudden appearance of P-SDM with Sp = 0.049 (r.l.u 
in tetragonal unit) upon entering the SC phase with 
X > XcTi = 0.055, suggesting a flrst order transition 
between the D-SDM and P-SDM.^ Since the max;imum 
value of Tc at a given doping x is proportional to the 6p, 
the flrst-order transition suggests the existence of a flnite 
minimum value of Tc. 

Through simulation analysis for the two types of Q 
scans in Figs. 6 and 7, specific features of the SDM are 
newly found. That is, the volume fraction of D-SDM in- 
creases by Ni doping, and the incommensurability tends 
to give a discrepancy between D-SDM and P-SDM. In- 
tuitively, the expanding Vd is considered as a result of 
switch from P-SDM to D-SDM at a low temperature by 
reducing a^efi down to bellow Xai- The survival of partial 
P-SDM for XeS < Xcri may occur when holes distribute 
inhomogeneously in Cu02 plane and when the hole den- 
sity exceeds beyond Xcri in local. Such the microscopic 
inhomogeneity should be introduced most likely by Ni 
impurity, and further by superc;ooling the; mobile holes 
because of crossing boundary of the first-order transi- 
tion at Xcri- The slightly lower values of 5d for Ni-doped 
samples compared to those of Ni-free samples in Fig. 8(a) 
as well as the simulation result of 64 < dp supports this 
scenario. 
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It is noteworthy that this hole-locahzation scenario 
around Ni reasonably explains Ni-impurity effects re- 
ported previously in other kinds of physical quantities. 
We examples three cases below, (i) Neutron resonance 
peak; The well-known magnetic resonant mode appears 
in inelastic neutron scattering for SC YBa2Cu306+2: with 
resonance energy E^-}'^^^^ With the help of a relation be- 
tween Tc and the hole concentration (p),^^ E,. can be 
described as a function of p. In YBa2(Cuo.97Nio. 03)307, 
the E,. decreases from Ni-free 41 meV to 35 meV.^^ This 
reduction corresponds to Ap ~ —0.05 and it agrees semi- 
quantitatively with the doped Ni-concentration 0.03. 
(ii) Pseudo-gap; Ni impurity enhances the normal-state 
pseudo-gap in the c-axis optical conductivity of under- 
doped (Sm,Nd)Ba2(Cui_j,Nij,)307_5.-^^ The increasing 
pseudo-gap is considered as a natural consequence of the 
underdoping by Ni. (iii) STM; The SC-coherence peak 
is little affected by Ni in Bi2Sr2CaCu208+5.^° A strong 
coupling of Ni and hole produces a spin state oi S = 1/2 
(either 3(f with Ni^+, or 3(PL), and then gives a mini- 
mum perturbation to the underlying spin- 1/2 framework. 
The superconductivity, therefore, will be less damaged by 
Ni. 

Finally, recent our XAFS experiments using syn- 
chrotron radiation support our scenario. That is, the 
valence states of Ni in Lai. 94Sro.o6Cuo. 97^0.0304 and 
La1.94Sro.06Cuo.94Nio.06O4 are much different from a 
Ni^+ state, thus indicating most probably either a Ni^+ 
or a strongly hole-bound Ni^+ state. 
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